Haemonchus contortus is one of the most important parasitic nematodes of small ruminants around the world, particularly in tropical and subtropical regions. The control of haemonchosis relies mainly on anthelmintics, but the excessive and prolonged use of anthelmintics is causing serious drug resistance issues in many countries. As benzimidazole (BZ) anthelmintics have been broadly used in China, we hypothesized that resistance is widespread. Given the link between three known single nucleotide polymorphisms (SNPs, designated F167Y, E198A and F200Y) in the isotype-1 b-tubulin gene and BZ resistance, our goal here was to explore the presence of these mutations in H. contortus from small ruminants (sheep and goats) from eight provinces in China using PCR-coupled sequencing. In addition, the genetic diversity and genetic relationship of isotype-1 b-tubulin sequence haplotypes were also investigated. Among 192 H. contortus adult individuals representing the eight populations, we identified six distinct sequence types, five of which had SNP E198A (GCA) and/or F200Y (TAC). Sequence analysis showed that the frequencies of SNPs E198A and F200Y were 0e70% and 0e31%, respectively. SNP F167Y (TAC) was not detected in any population. In addition, high haplotype diversities (0.455e0.939) and nucleotide diversities (0.018e0.039) were calculated. A network analysis of the isotype-1 b-tubulin gene sequences showed that SNPs E198A and F200Y occurred in multiple distinct groupings, suggesting multiple independent origins of these SNPs. The findings of this first study of SNPs in the isotype-1 btubulin gene of H. contortus populations suggest that BZ resistance is prevalent in some regions of China, and that any control strategy might focus on monitoring BZ resistance in this country.
Introduction
Haemonchus contortus is one of the most economically important trichostrongyloid nematodes affecting small ruminant livestock worldwide. This nematode has a complex three-week life cycle, with a parasitic and a free-living phase. Following the ingestion of infective third-stage larvae (L3s), hosts are affected mainly by the fourth-stage larvae and adults of H. contortus primarily due to their blood feeding activity in the abomasum, leading to anaemia and associated complications and often death in heavily infected animals (Waller et al., 2004; Nikolaou and Gasser, 2006; O'Connor et al., 2006) .
The control of H. contortus and related gastrointestinal nematodes has relied on the treatment with anthelmintic drugs including benzimidazoles (BZs). As a consequence of their excessive use, resistance against BZ has developed and spread in H. contortus and related strongylid nematodes (Waller, 1997; Jackson and Coop, 2000; Kaplan, 2004) . b-tubulin is the target for BZs (Kohler, 2001; Kotze et al., 2014) , and, collectively, studies to date recognise three different single nucleotide polymorphisms (SNPs) in the isotype-1 b-tubulin gene at codons 167 (TTC to TAC; F167Y) (Silvestre and Cabaret, 2002) , 198 (GAA to GCA; E198A) (Ghisi et al., 2007; Rufener et al., 2009 ) and 200 (TTC to TAC; F200Y) (Kwa et al., 1994 (Kwa et al., , 1995 to be associated with BZ resistance in H. contortus. F200Y has been detected at high prevalence in many countries and appears to be the commonest SNP linked to BZ resistance (Kotze et al., 2014) . F167Y is less common than F200Y, with an apparently limited distribution in countries including Argentina, Brazil, Canada, France, the UK and the USA (Silvestre and Cabaret, 2002; Barrere et al., 2012 Barrere et al., , 2013a Brasil et al., 2012; Chaudhry et al., 2014; dos Santos et al., 2014; Redman et al., 2015) . In addition, E198A has been found in three field-derived populations from South Africa and Australia and in another in vitro-selected population from Australia (Ghisi et al., 2007; Rufener et al., 2009; Kotze et al., 2012) ; recently, this mutation was detected in field populations of H. contortus in India (Chaudhry et al., 2015) .
BZs and other anthelmintic drugs have been used heavily to control nematode infections in China. Based on some publications from this country (He et al., 1999a,b; Cai et al., 2007a,b; Zhao et al., 2010) , we have reason to believe that BZ resistance in H. contortus is becoming a major issue. Although SNPs, F167Y, E198A and F200Y have been detected in H. contortus in many countries (Kotze et al., 2014) , the three studies of isotype-1 b-tubulin gene in China have focused only on the F200Y (Bo and Li, 2005; Hao, 2007; Cai and Bai, 2009) ; thus, there is no information on the other two SNPs, in spite of the high prevalence of H. contortus and the excessive and uncontrolled use of BZs in this country (Shen, 2005) .
Understanding the origin and spread of SNPs linked to BZ resistance is important (Skuce et al., 2010) , which is why population genetic studies have been conducted recently. For example, Chaudhry et al. (2015) studied 13 H. contortus populations from sheep and goats in southern India, and indicated that SNP E198A spread from a single origin to multiple locations in this region, whereas F200Y likely had three independent origins. Similarly, Redman et al. (2015) provided evidence for multiple independent origins of both SNPs F200Y and F167Y in H. contortus in the UK. However, there is no such information for China.
Therefore, for the first time in China, we explored genetic variation and the three known BZ-associated SNPs (F167Y, E198A and F200Y) in the isotype-1 b-tubulin gene in populations of H. contortus from sheep and goats from eight provinces using PCRcoupled sequencing, to begin to understand the status of BZ resistance and the origin of these SNPs.
Materials and methods

Parasite populations and genomic DNA isolation
Animal ethics approval was granted (permit SYXK2015-0084) by the Science and Technology Department of Hubei province, China. Adult H. contortus populations were collected from eight different geographical regions from provinces in subtropical to tropical climatic zones of China (Fig. 1) . Samples from Hubei, Yunnan, Shaanxi and Guangxi were from goats, whereas others were from sheep. The history of use of anthelmintics, including BZs or other drugs, was not clear in many cases. After collection from the abomasum, worms were washed in physiological saline, fixed in 75% ethanol and submitted to the College of Veterinary Medicine, Huazhong Agricultural University, Wuhan. Upon arrival, individual adult male worms were morphologically identified (Lichtenfels et al., 1994) . Then, following the rehydration of worms, total genomic DNA was extracted from individual adults using sodium dodecyl-sulfate/proteinase K treatment, followed by spin-column purification (Wizard DNA Clean-Up, Promega) . Genomic DNA samples were stored at À20 C until use. For the identification of BZ-associated SNPs, genomic DNA from individual worms was used. For the analysis of genetic diversity within and among populations, 'pooled' DNA was subjected to PCR, cloned and then sequenced. To prepare DNA template representing individual populations, 2 ml aliquots of the genomic DNAs from each of the 24 individual worms from each population were pooled.
Specific identification of individual H. contortus
The specific identity of each worm as H. contortus was confirmed by molecular means. A 265 bp region of the second internal transcribed spacer (ITS-2) of nuclear ribosomal DNA gene was specifically amplified by conventional PCR from individual genomic DNA samples using the primer pair HAE (5 0 -CAAATGGCATTTGTCTTT-TAG-3 0 ) þ NC2 (5 0 -TTAGTTTCTTTTCCTCCGCT-3 0 ) (Bott et al., 2009 ).
In brief, PCR was performed in 25 ml of 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 4 mM MgCl 2 , 250 mM each of dNTP, 100 pmol of each primer and 1 U Taq polymerase (TaKaRa) in thermal cycler (Eastwin Life Sciences, Inc., China) using the following protocol: 94 C/5 min, followed by 35 cycles of 94 C/30 s, 55 C/30 s and 72 C/30 s, with a final extension at 72 C/7 min. Known positive and a negative (notemplate) control samples were included in each PCR run. All amplicons were examined on 1.5% agarose gels, and detected upon ultraviolet transillumination using an electronic documentation system (Alphamager Mini) to confirm a single band of the appropriate size. Subsequently, the amplicons were column-purified (Wizard PCR-Preps, Promega) and then directly sequenced (in separate reactions) with both primer HAE and NC2 using the BigDye Terminator v.3.1 cycle sequencing kit (Applied Biosystems) in an automated sequencer (PRISM3730, ABI). The identity of each sequence was established based on the comparison with reference sequences of H. contortus ITS-2 available in the GenBank database (GenBank accession nos. X78803 and EU084691.1). Eventually, 24 individual adult male worms from each of the eight populations were identified as H. contortus (Table 1) ) by PCR (as described in Subsection 2.2) using the following cycling protocol: 94 C/3 min, followed by 40 cycles at 94 C/40 s, 53 C/40 s and 68 C/40 s, with a final extension at 68 C/ 7 min. Amplicons were subjected to agarose gel (1.5%) electrophoresis to confirm that each represented a single band, followed by individual PCR product purification and direct sequencing (as described in Subsection 2.2) with primers HcPy2PCR-F and HcPy2PCR-R (in both directions).
2.4. Determination of the frequencies of the isotype-1 b-tubulin F167Y, E198A and F200Y BZ resistance-associated SNPs in H. contortus populations Sequence traces were examined using Chromas v.2.4.1 software, focusing on the SNPs F167Y, E198A and F200Y. As described by Kotze et al. (2012) , in individual sequences, a secondary peak whose 'height' was at least 50% of the dominant peak at the same position was considered indicative of heterozygosity; the presence of a single peak was regarded as homozygous at that position. In the present study, the same threshold was used to identify the SNPs in the isotype-1 b-tubulin gene region for individual adult worms.
Genotypic frequencies and allelic frequencies were calculated as described (Tiwari et al., 2006) ; a detailed description is given in Table 2 . The 385 bp of isotype-1 b-tubulin gene region was amplified from each pooled DNA sample (n ¼ 8) as described in Subsection 2.3. The eight PCR products were then cloned into pGEM-T vector (Promega) according to manufacturer's instructions, and 15e17 clones were selected per population and fully sequenced in both directions. Using a published isotype-1 b-tubulin gene sequence (GenBank accession no. X67489; Kwa et al., 1994) as a reference, only SNPs occurring multiple times per population were recorded as 'true' SNPs, as recommended in recent publications (Chaudhry et al., 2015; Redman et al., 2015) .
Sequence diversity, genetic recombination and phylogenetic network analysis
The raw sequences were aligned and edited using the program Clustal W within the suite MEGA 5.0 (Tamura et al., 2011) , followed by the analysis of genetic recombination according to the methods of RDP, MaxChi, 3Seq, Chimera, Siscan, Bootscan and GenConv using software RDP4 (Heath et al., 2006) . The program DnaSP, v.5.10 (see Subsection 2.5) was used to establish haplotypes and calculate genetic diversity (haplotype diversity: Hd; nucleotide diversity: p) in the isotype-1 b-tubulin gene within each population. Pairwise F ST values were obtained using the same program (Librado and Rozas, 2009 ). In addition, a hierarchical analysis of molecular variance (AMOVA) was conducted to estimate the diversity within (24) 24 (100.0) (24) 3 (12.5) 7 (29.1) 6 (25.0) 4 (16.7) 1 (4.2) 3 (12.5) IM (24) 2 (8. and among populations, and the possible factors that affect gene flow using the Arlequin 3.1 package (Excoffier et al., 1992) . Then, circular (equal angle) split networks were generated from the haplotype data using the neighbor-net method within SplitsTrees4 software (Huson and Bryant, 2006) . In addition, a median joining (MJ) network was drawn using the program Network v.4.6.1 to establish haplotype relationships (Bandelt et al., 1999) . Furthermore, phylogenetic analysis of isotype-1 b-tubulin gene sequence data was conducted using the maximum likelihood (ML) method in MEGA 5.0 using 1000 bootstrap replicates (Tamura et al., 2011) .
Results
The genotypes and SNP frequencies in the isotype-1 b-tubulin gene in eight H. contortus populations in China
For all 192 individual male adults from eight H. contortus populations, SNPs E198A (GAA to GCA) and F200Y (TTC to TAC) were detected, whereas F167Y (TTC to TAC) was not. The genotypes and SNP frequencies are given in Tables 1 and 2 , respectively. In total, six genotypes were detected among the eight populations of H. contortus. The primary genotypes homozygous at both P198 and P200 had frequencies of 29.2e100% in five H. contortus populations (HuB, HeB, SX, LN and HLJ) and low frequencies (0e12.5%) in three others (YN, IM and GX). Interestingly, in population IM, the genotype was 'homozygous resistant' at P198 but 'homozygous susceptible' at P200, and was most frequent (54.1%). The genotype was 'homozygous resistant' at P200 and 'homozygous susceptible' at P198 in populations GX and IM, and was infrequent (4.2%). Simultaneously, genotypes that were heterozygous at one position and homozygous at another position were found in all populations except SX at frequencies ranging from 4.2 to 37.5%. A genotype that was heterozygous at two positions was detected in populations YN, GX, IM and LN at frequencies ranging from 8.3 to 29.2% (Table 1) . Genotypes that were 'homozygous resistant' at two positions or 'homozygous resistant' at one position and heterozygous at another position were not found in any population. In the eight H. contortus populations, the frequency of (resistant) SNP 198A ranged from 0 to 70% and that of (susceptible) SNP E198 ranged from 30% to 100%. The frequencies of (resistant) SNP 200Y ranged from 0 to 31%, and from 69 to 100% for (susceptible) SNP F200 ( Table S1 ). High degrees of haplotype diversity were observed within individual populations, ranging from 0.455 to 0.939, with nucleotide diversities ranging from 0.018 to 0.039 (Table 3) .
To understand the population genetic structure, pairwise F ST values were calculated from sequences of isotype-1 b-tubulin gene of H. contortus representing the eight populations; low pairwise values ranging from 0.00907 to 0.30732 between the eight populations were obtained (Table 4) . To assess the possible factors that might affect gene flow among populations, a hierarchical analysis of molecular variance (AMOVA) was computed for the eight H. contortus populations. With the introduction of three levels in the analysis, it was shown that 93% of the genetic variance was partitioned within populations, with 7% among populations. Simultaneously, the different geographical origins and host species of H. contortus populations had little effect (<2%) on the genetic structure (Table 5 ). in two distinct groups in the network, with each containing at least one haplotype with a 'susceptible' SNP, indicating two independent origins of E198A (Fig. 2) . The seven haplotypes possessing resistant SNP F200Y were found in three distinct groups in the network, and these haplotypes clustered with at least one haplotype with a 'susceptible' SNP, suggesting at least three different origins of this SNP (Fig. 2) . The topology of a MedianJoining network built using data for all 36 haplotypes was consistent with that of SplitsTrees network, which supported the hypothesis of multiple origins of the resistant SNPs (Fig. 3) . Two haplotypes (Hr3-200 and Hr4-200) of seven sequences containing resistant SNP F200Y were present in more than one population. The two haplotypes containing resistant SNP E198A were present in at least three populations (Fig. 3) . A maximum likelihood (ML) tree built with MEGA5 also showed the same phylogenetic relationships ( Supplementary Fig. S1 ). In addition, we assessed whether the recombination might play a role in increasing the haplotype diversity in the isotype-1 btubulin gene. However, there was no significant signal of recombination among all haplotypes using distinct methods, showing that genetic recombination did not contribute to haplotypic diversity in the H. contortus populations studied.
Discussion
This is the first study to examine all three BZ resistanceassociated SNPs at codons F167Y, E198A and F200Y in the isotype-1 b-tubulin gene in eight populations of H. contortus in China. The homozygous resistant genotypes linked to SNP E198A was most frequently encountered (Tables 1 and 2 ). Based on these and previous results for China (Bo and Li, 2005; Hao, 2007; Bai, 2009), we suggest that E198A plays a more significant role in BZ resistance than F200Y (which is the primary SNP associated with BZ resistance worldwide; Kotze et al., 2014) .
It has been suggested that if ! 10% of the individuals in a population have a resistance genotype (designated as homozygous resistance at either P167 or P200 or heterozygote at both P167 and P200), the population is considered to be BZ resistant (Barrere et al., 2013a) . However, in the present study, BZ resistance-associated SNP F167Y was not detected in any population, whereas E198A occurred in most populations. As SNPs F167Y, E198A and F200Y are known to be linked to BZ resistance (Kwa et al., 1994 (Kwa et al., , 1995 Silvestre and Cabaret, 2002; Ghisi et al., 2007; Rufener et al., 2009) , the four populations (YN, GX, IM and LN) are predicted to be BZ resistant with frequencies of resistant, homozygous genotypes ranging from 16.7% to 58.3% (Table 1 ). In addition, both E198A and F200Y were detected in seven of the eight The number of sequences were obtained by cloning and sequencing from pooled DNA extracted from individual worms from each of the eight H. contortus populations.
The number of haplotypes and haplotype diversity (Hd) and nucleotide diversity (p) of partial b-tubulin isotype-1 gene sequences were defined using the program DnaSP5.1.
a HuB-Hubei, HeB-Hebei, YN-Yunnan, SX-Shaanxi, GX-Guangxi, IM-Inner Mongolia, LN-Liaoning, HLJ-Heilongjiang. The hierarchical analysis of molecular variance (AMOVA) was performed using the Arlequin 3.1 software. Negative values might indicate more nucleotide differences between parasites within the same group than between different groups. a The eight populations were divided into two groups in the light of two different host species: Goat (Hubei, Yunnan, Shaanxi and Guangxi), Sheep (Hebei, Inner Mongolia, Liaoning and Heilongjiang). b The eight populations were divided into four groups according to their geographical origins: Southwest (Guangxi and Yunnan), Central (Hubei and Shaanxi), North (Hebei and Inner Mongolia), Northeast (Liaoning and Heilongjiang). c P < 0.05.
H. contortus populations, with frequencies ranging from 4% to 70% and 2% to 31%, respectively (Table 2 ). These results suggest that each population has a different BZ resistance status, and that the high frequencies of BZ resistant genotypes (homozygous resistant at P198 or P200) in YN, LN, GX and IM might indicate an excessive use of BZ drugs (over time) in these regions. This proposal is further supported by the evidence of heterozygosity at positions P198 and P200 in these four populations (Table 1) . As no BZ resistant genotype was detected in worms from province SX, BZ drugs might still be applicable in this H. contortus population. For other populations (HuB, HeB and HLJ), heterozygosity at one position may suggest a risk of a gradual emergence of BZ resistance, which would need monitoring.
In the present study, no H. contortus genotypes that were 'homozygous resistant' at both codon 198 and 200 or 'homozygous resistant' at one codon (198 or 200) and heterozygous at another codon (200 or 198) were found in any population in China (Table 1) . This finding might be explained by "mutual exclusion" in nature between the two homozygous alterations, as both mutations would result in worm lethality (Ghisi et al., 2007; Kotze et al., 2012) .
Based on our findings, the occurrence of BZ resistanceassociated SNPs in the isotype-1 b-tubulin gene in H. contortus populations from China is quite different from previous reports for other countries, which all detected F167Y and F200Y in field populations of H. contortus but not E198A (Silvestre and Cabaret, 2002; Barrere et al., 2012 Barrere et al., , 2013a Brasil et al., 2012; Chaudhry et al., 2014; dos Santos et al., 2014; Redman et al., 2015) . In the present study, F167Y was not detected in any sequence, whereas E198A and F200Y had differing distributions, which is consistent with the findings from a recent study of H. contortus populations from southern India (Chaudhry et al., 2015) . Thus, we propose that although E198A is the rarest of the three known SNPs (von SamsonHimmelstjerna et al., 2007 SamsonHimmelstjerna et al., , 2009 ), it appears to be more widespread in some regions of Asia than in Europe and the Americas, although one recent report from Pakistan did not detect E198A in any H. contortus population studied (Hussain et al., 2014) .
The results of the present study are relatively consistent to those from India, the UK and Brazil, which indicate multiple independent origins of SNP F200Y (Brasil et al., 2012; Chaudhry et al., 2015; Redman et al., 2015) . We found that seven haplotypes encoding were represented in multiple distinct groupings in the network, suggesting multiple origins of this SNP and supporting its broad distribution throughout the world. In the case of mutation E198A in Chinese populations, it was found that two haplotypes encoding E198A were represented in two distinct groups of the network, coupling to at least one susceptible haplotype, which supports the hypothesis that this SNP has spread to multiple regions in China from two distinct origins (Figs. 2 and 3 ). An interesting discovery was that haplotype in our study contains 324 bp of nucleotide sequences identical to the sequences of the haplotype Hr24 (324 bp in length, GenBank accession no. KP792525) which is the only haplotype carrying E198A in H. contortus specimens from India (Chaudhry et al., 2015) . Therefore, we speculate that SNP E198A in H. contortus from China and India might share a common origin. In addition, it was found that not only the susceptible haplotypes (n ¼ 7) were identified in at least two populations, but that also resistant haplotypes were present in more than one population (Fig. 3) . These results indicate a high gene flow among all populations, and that BZ drug resistance is likely a nation-wide problem in China. This problem is likely exacerbated by anthropogenic transportation of hosts across China, as discussed recently by Yin et al. (2013) .
Consistent with previous findings using mitochondrial gene and microsatellites (Yin et al., 2013 (Yin et al., , 2016 , results from the present study also revealed a high degree of genetic diversity within Chinese H. contortus populations. Also a study of the isotype-1 btubulin gene of H. contortus populations from Brazil revealed nucleotide diversities ranging from 0.025 to 0.038 (Brasil et al., 2012) , similar to those calculated in the present study (ranging from 0.018 to 0.039). Nevertheless, a distinct genetic structure was absent for Chinese H. contortus populations, corroborating high gene flow among them. This proposal is supported by evidence of low pairwise F ST values between Chinese populations (Table 4) . Moreover, limited variance between H. contortus from sheep (HeB, IM, LN and HLJ) and from goats (HuB, YN, SX and GX) indicates cross infection between these host species, with little or no barrier (Table 5) . Furthermore, different geographical origins appeared to have little influence on the genetic structure of H. contortus populations in China, suggesting a high gene flow among populations (Table 5) . However, F ST values between population HLJ and other H. contortus populations from China was higher than those between other populations (Table 4) , which might be explained by infrequent host movement between HLJ and other populations (and vice versa), and possibly some other natural factors, including geographic and climatic variations, preventing dispersal and gene flow.
In order to evaluate the situation of BZ resistance in China, we compared studies that used conventional techniques with those that employed molecular methods of 'resistance detection'. It was found that different degrees of BZ resistance were identified in H. contortus or other trichostrongyloid nematodes in some provinces using faecal egg count reduction testing (FECRT) or the egg hatch assay (EHA), indicating that BZ resistance is an increasing issue in China (He et al., 1999a,b; Cai et al., 2007a,b; Pu and Yue, 2009; Zhao et al., 2010) , as FECRT and EHA were recommended by the WAAVP (World Association for the Advancement of Veterinary Parasitology) and the creditability of these two methods was demonstrated (Coles et al., 1992) . Therefore, the findings from the present study emphasize the need, in the future, to screen for or monitor all three mutations (i.e. F167Y, E198A and F200Y) to assess BZ resistance in H. contortus populations in China.
In conclusion, this is the first genetic analysis of all three BZ resistance-associated SNPs F167Y, E198A and F200Y and of sequence diversity in the isotype-1 b-tubulin gene of H. contortus populations from sheep and goats in China. Different frequencies of E198A and F200Y were detected in all eight populations studied; E198A occurred more frequently than did F200Y in field populations, whereas F167Y was not detected. The results also confirmed a high genetic diversity within each population and a high gene flow among all H. contortus populations studied. Genetic relationship analysis suggested that F200Y had multiple origins in China, and E198A had two distinct origins. Considering that small ruminant production is one of the important livestock industries in China, the use of anthelmintics, including BZ, seems unavoidable at this point. Therefore, we conclude that it will be of considerable importance to develop guidelines for parasite control and management practices in China, aiming at reducing the selection pressures for anthelmintic resistance. It will also be important to develop parasite management strategies tailored to individual livestock farms, including quarantine treatments of imported livestock, employing suitable combinations of drugs for strategic treatment, identifying refugia in hosts with susceptible parasites and careful monitoring anthelmintic resistance using molecular tools. Finally, in our opinion, detailed studies of other resistances, particularly to macrocyclic lactones, in parasitic nematodes of livestock animals are urgently needed in China, in order to inform future integrated parasite control programs.
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